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Abstract
Understanding and controlling properties of plasmon-induced hot carriers is a key
step towards next-generation photovoltaic and photocatalytic devices. Here, we un-
cover a route to engineering hot-carrier generation rates of silver nanoparticles by
designed embedding in dielectric host materials. Extending our recently established
quantum-mechanical approach to describe the decay of quantized plasmons into hot
carriers we capture both external screening by the nanoparticle environment and in-
ternal screening by silver d-electrons through an effective electron-electron interaction.
We find that hot-carrier generation can be maximized by dielectric engineering the
host material such that the energy of the localized surface plasmon coincides with the
highest value of the nanoparticle joint density of states and discover a path to control
the energy of the carriers and the amount produced, for example a large number of
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relatively low-energy carriers are obtained by embedding in strongly screening environ-
ments.
Introduction
Understanding and controlling light-matter interactions at the nanoscale is important for
increasing the efficiency of photovoltaic and photocatalytic devices.1–3 In this context, local-
ized surface plasmons (LSP) in metallic nanoparticles provide a unique platform because the
LSP decay generates energetic or ”hot” carriers that can be harnessed to induce chemical
reactions4 or overcome interfacial barriers.5 Other applications of hot carriers include bio-
chemical sensing,6 spectroscopy,7 nanophotonic lasers8 and quantum information devices.9
These applications usually require the generation of a large number of energetic carriers, but
in many current devices the hot-carrier generation rates are relatively small.10
To improve the performance of hot-carrier devices, significant efforts have been made to
understand the dependence of hot-carrier properties on the nanoparticle material and its ge-
ometry.11,12 However, in real devices the nanoparticles are often embedded in insulating host
materials or placed onto their surfaces13–15 and therefore the influence of the nanoparticle
environment on the hot carriers must also be considered. It is well known that the dielectric
properties of the nanoparticle environment modify the LSP frequency,16 influence interfacial
transport barriers and protect the nanoparticle from oxidation,17 but not much is known
about their effect on hot-carrier generation rates.
Microscopically, the dielectric environment modifies the effective interaction between con-
duction electrons in the nanoparticle. To approximate this screened interaction, several
groups modelled the environment as a linear polarizable medium, solved the corresponding
Maxwell equations for a point charge in this system and used the result to study the changes
in the photoabsorption behaviour of the nanoparticle induced by the environment.13,18,19 By
treating the nanoparticle itself as a polarizable medium, this approach can easily be extended
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to also capture the dielectric screening by bound charges in the material, such as d-band
electrons in silver.
In this paper, we present a quantum-mechanical approach for calculating the effect of a
dielectric environment on hot-carrier properties in embedded silver nanoparticles. In par-
ticular, we combine a recently developed method for describing hot-carrier generation by
quantized plasmons20 with a screened interaction between conduction electrons that takes
the dielectric response of the environment and also of the polarizable d-band electrons into
account. We present results for four different host materials (silicon dioxide, titanium diox-
ide, silicon nitride and gallium phosphide) and compare to results obtained for nanoparticles
in air. We also study the dependence of hot-carrier properties on the size of the embedded
nanoparticle. Our calculations reveal that hot-carrier rates in these systems depend sen-
sitively on the dielectric properties of the environment. In particular, the environmental
screening reduces the LSP energy and thereby changes the accessible LSP decay channels.
Moreover, screening reduces the electron-plasmon coupling, but this effect can be compen-
sated by the increase of the coupling due to the reduced LSP energy. These results pave the
way towards a detailed understanding of hot-carrier generation in embedded nanoparticles
and open up the possibility of dielectric engineering of hot-carrier properties.
Results and discussion
Description of the model
We have studied hot-carrier properties of embedded spherical silver nanoparticles consisting
of between 68 and 254 atoms corresponding to diameters between 1.08 and 2.10 nm. To
calculate hot-carrier distributions in these systems, we extended the approach developed in
Ref. 20 for alkali metal nanoparticles. In this approach, the generation rate N(E) of hot
electrons with energy E created by the decay of a single quantized localized surface plasmon
3
(LSP) is obtained from Fermi’s golden rule according to
N(E) =
2pi
~
∑
vc
|gvc|2δ(c − v − ~ωP )δ(E − c), (1)
where c and v denote the quasiparticle energies of occupied and empty states and ωP is the
LSP frequency. To determine these quantities, we first carry out density-functional theory
(DFT) calculations on jellium spheres with a Wigner-Seitz radius of rs = 3.0 Bohr (corre-
sponding to the density of conduction electrons in the Ag sp-band) using the local density
approximation.21,22 Next, we use the ∆-SCF approach to calculate the ionization potential
of the nanoparticles.20 The quasiparticle energies are then obtained by shifting the Kohn-
Sham (KS) energies by the difference between the ionization potential and the KS energy of
the highest occupied orbital. Finally, the LSP frequency is obtained from time-dependent
density-functional theory (TDDFT) calculations in the random-phase approximation.
In Eq. (1), the electron-plasmon coupling gvc is given by
gvc = e
2
∫
dr
∫
dr′φc(r)φv(r)V (r, r′)ρP (r′), (2)
where φv(r) [φc(r)] denotes the quasiparticle wavefunction of an occupied (empty) state,
ρP (r) is the LSP transition density and V (r, r
′) denotes the screened interaction between
electrons.
To describe the screening by the Ag d-electrons and by the nanoparticle environment,
we calculate the potential created by a point charge in a sphere with dielectric constant
d surrounded by an environment with dielectric constant 1. Solving the corresponding
Poisson equation yields the effective interaction given in Eqs. (3)-(5).18,19 Besides Eq. (2),
we also use this screened interaction to calculate the TDDFT interaction matrix elements
and thereby capture the screening-induced changes to the LSP energy and transition density.
For the internal screening by the d-band electrons, we use d = 3.3
23 (in the Supplementary
Information we verify that our results do not qualitatively depend on the precise value of
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this parameter).
We expect that this approach for calculating hot-carrier properties in embedded silver
nanoparticles gives accurate results as long as the LSP energy is smaller than the separation
between the d-bands and the Fermi level which is approximately 4 eV.24 If this condition
is not fulfilled, the LSP decay can lead to the creation of hot holes in the d-bands and
bandstructure methods beyond the jellium model are needed.? In practice, we find that
LSP energies in Ag nanoparticle are in fact smaller than 4 eV as long as internal screening
by d-band electrons is taken into account.
Note that in the above equations ~ denotes the reduced Planck constant and e is the
electron charge. Also, we replace the two delta-functions in Eq. (1) by Gaussians in our
numerical calculations. The standard deviation of the first Gaussian is 0.12 eV reflecting
the lifetime of the LSP25 while the standard deviation of the second Gaussian is 0.05 eV
reflecting the quasiparticle lifetime in Ag.26,27
Optical properties of silver nanoparticles
We first study the optical properties of Ag nanoparticles in air (1 = 1) and consider the effect
of internal screening by the d-electrons. The left column of Fig. 1 shows the optical absorption
cross section σ of different Ag nanoparticles calculated with and without d-electron screening.
For all nanoparticles, the spectrum is dominated by a single LSP peak. Inclusion of d-
electron screening redshifts the LSP frequency compared to its unscreened value because
screening weakens the interaction between conduction electrons facilitating the excitation
of a collective oscillation. Interestingly, the size of the redshift depends sensitively on the
nanoparticle radius, see Table 1. For example, a redshift of 2.1 eV is found for Ag92, but
for Ag138 it is only 0.1 eV. As the nanoparticle size increases, the plasmon energy decreases
non-monotonically. This trend and also the absolute values of the LSP frequencies (when
d-electron screening is taken into account) are in good agreement with available experimental
measurements.28–30 For example, our calculated value for Ag68 of ~ωP = 3.8 eV agrees well
5
with the measured value of 3.77 eV for Ag+70.
31
2 3 4 5 6 7
Energy (eV)
0
2
4
6
 
(nm
2 )
2 3 4 5 6 7
Energy (eV)
0
2
4
 
(nm
2 )
2 3 4 5 6 7
Energy (eV)
0
1
2
 
(nm
2 )
2 3 4 5 6 7
Energy (eV)
0
1
2
 
(nm
2 )
-10  -8  -6  -4  -2  0
Energy (eV)
0
5
10
H
CD
 (1
/eV
s)
1013
-10  -8  -6  -4  -2  0
Energy (eV)
0
1
2
H
CD
 (1
/eV
s)
1014
-10  -8  -6  -4  -2  0
Energy (eV)
0
5
10
H
CD
 (1
/eV
s)
1012
-10  -8  -6  -4  -2  0
Energy (eV)
0
2
4
H
CD
 (1
/eV
s)
1014
Ag254
a)
b)
c)
d)
d)
e)
f)
g)
Ag138
Ag92
Ag68
Ag254
Ag138
x30
Ag92
x(1/15)
Ag68
x30
Figure 1: Left: Absorption spectra of Ag nanoparticles in air with (purple curves) and
without (green curves) d-electron screening: (a) Ag254, (b) Ag138,(c) Ag92 and (d) Ag68.
Right: Plasmon-induced hot carrier distributions (HCD) of Ag nanoparticles in air with
and without d-electron screening:(d) Ag254, (e) Ag138, (f) Ag92 and (g) Ag68. Note that the
screened results have been rescaled by the indicated factors and the dotted vertical lines
denote the Fermi level.
Next, we study the effect of embedding Ag nanoparticles in insulating host materials.
In particular, we consider the following hosts: silicon dioxide (SiO2), silicon nitride (SiN),
titanium dioxide (TiO2) and gallium phosphide (GaP). These materials are often used in
experiments4,13,19,34 and cover a wide range of dielectric constants, see caption of Fig. 2.
Fig. 2 compares the optical absorption spectra of embedded Ag nanoparticles with those
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Table 1: Effect of d-electron screening on the energy ~ωP of the localized surface plasmon
in Ag nanoparticles in air. All energies in eV.
with d-electron screening without d-electron screening Redshift
Ag254 3.4 4.6 1.2
Ag138 3.1 3.2 0.1
Ag92 3.6 5.5 2.1
Ag68 3.8 5.2 1.4
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Figure 2: Absorption spectra of a) Ag254, b) Ag138, c) Ag92 and d) Ag68 embedded in SiO2
(1 = 2.16 from Ref. 19), SiN (1 = 3.2 from Ref. 13), TiO2 (1 = 8.2 from Ref. 32) and
GaP (1 = 20.2 from Ref. 33).
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obtained in air. Internal screening by d-electrons is included in all calculations.
We observe that the LSP frequency of embedded nanoparticles is redshifted compared to
the result in air in agreement with experimental observations.35 This is again a consequence
of enhanced screening due to the presence of the dielectric environment which further weakens
the effective interaction between conduction electrons in the nanoparticle. Unsurprisingly,
the redshift increases with the value of the environment dielectric constant 1, see Fig. 3.
Note that in some cases the LSP peak splits into multiple peaks upon embedding. This
fragmentation occurs for Ag138 in TiO2 and GaP and Ag68 in SiO2.
36,37
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Figure 3: Localized surface plasmon energy of silver nanoparticles embedded in SiO2 (1 =
2.16 from Ref. 19), SiN (1 = 3.2 from Ref. 13), TiO2 (1 = 8.2 from Ref. 32) and GaP
(1 = 20.2 from Ref. 33)
Hot carrier properties of silver nanoparticles
The right column of Figure 1 shows the energy distribution of hot carriers resulting from
the LSP decay in Ag nanoparticles of different sizes in air. Results from calculations with
and without d-electron screening are compared. The hot-carrier distributions exhibit sharp
peaks reflecting the discreteness of the energy level spectrum of the small nanoparticles un-
der consideration. Energy conservation requires that peaks in the hot hole and hot electron
distributions that originate from the same decay process are separated by the LSP energy
8
(which itself depends on the nanoparticle size and inclusion of d-electron screening as dis-
cussed above).
For applications, it is often important to know how the LSP energy is distributed among
the hot electron and the hot hole. We find that this depends sensitively on the inclusion of d-
electron screening: when d-electron screening is neglected, energetic holes and less energetic
electrons are produced (except in Ag138), while inclusion of d-electron screening favors the
generation of hot electrons (and somewhat less energetic holes). Inclusion of d-electron
screening also results in drastic changes in the magnitude of hot-carrier rates. In particular,
the screened hot-carrier rates in Ag68 and Ag138 are more than one order of magnitude
smaller than the unscreened ones, while they are one order of magnitude larger in Ag92.
Figure 4 shows the hot-carrier distributions of embedded Ag nanoparticles (including
internal screening by d-electrons). These distributions exhibit a large number of peaks for
large nanoparticles in weakly screening environments (see, for example, Ag254 and Ag138 in
air or SiO2), while only a few peaks are found for nanoparticles in GaP. In most systems, the
generation of energetic electrons is favored compared to energetic holes and the energy of hot
carriers (measured with respect to the Fermi level) is generally larger in weakly screening
environments.
Figure 5 shows the total number of hot carriers produced per unit time in embedded
Ag nanoparticles. Large hot-carrier rates are generally obtained in environments with large
dielectric constants (in particular, GaP and TiO2), but for Ag92 and Ag254 the maximum
rate is actually obtained in air.
To understand the observed trends, we separately analyze the two ingredients that deter-
mine hot-carrier rates according to Fermi’s golden rule, see Eq. (1): the number of available
energy-conserving transitions which is described by the joint density of states (JDOS) and
the electron-plasmon coupling. Figs. 6 a) and b) show the JDOS of Ag68 and Ag254. Be-
cause of the discreteness of the electronic energy levels, the JDOS curves are oscillatory, but
they exhibit an overall maximum near 3 eV. Therefore, the number of energy-conserving
9
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Figure 4: Plasmon-induced hot-carrier distributions of silver nanoparticles embedded in
different host materials.
Figure 5: Total hot-carrier generation rates of embedded Ag nanoparticles. The crosses
indicate the environment where the highest hot-carrier rates are expected based on the
analysis of the nanoparticle joint density of states, see Figs. 6 a) and b).
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Figure 6: Top: Joint density of states of a) Ag68 and b) Ag254. The vertical lines denote the
localized surface plasmon energy of the nanoparticles embedded in different host materials
(from left to right: air, SiN, SiO2, TiO2 and GaP). Bottom: Electron-plasmon coupling in
c) Ag68 and d) Ag254 in different host materials as a function of transition energy.
transitions is maximized when the LSP energy (denoted by vertical lines in the figure) co-
incides with the maximum of the JDOS. For Ag68, this is achieved when the nanoparticle
is embedded in TiO2, while for Ag254 embedding in SiN is required. The environments that
maximize the number of available transitions are denoted by crosses in Fig. 5 and we observe
that these enviroments indeed yield very large hot-carrier rates. The oscillatory nature of
the JDOS also explains why small changes in the environmental screening (and therefore in
the LSP energy) can lead to large changes in hot-carrier rates.
Considering next the electron-plasmon coupling, one would naively expect that increased
screening would reduce gvc as the effective electron-electron interaction in Eq. (2) is weakened.
Figs. 6 c) and d) show that this trend is indeed followed in Ag68 and Ag254. However, this
reduction in gvc is not directly relevant to hot-carrier rates because the concomitant reduction
of the LSP frequency leads to the excitation of different vc-transitions with smaller energies.
As the excitation energy decreases, the electron-plasmon coupling increases, see Figs. 6 c)
and d), and this explains the observed large hot-carrier rates in GaP in Fig. 5.
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Conclusions
We have developed a quantum-mechanical approach for describing hot carriers resulting from
the decay of localized surface plasmons in small silver nanoparticles that are embedded in
dielectric media. Dielectric screening by the nanoparticle environment and by Ag d-electrons
is taken into account by means of an effective electron-electron interaction which is used to
calculate electron-electron interaction matrix elements and electron-plasmon couplings. We
find that hot-carrier generation rates depend sensitively on the environmental and internal
screening. We demonstrate that hot-carrier production can be maximized by choosing the
host material such that the LSP energy of the embedded nanoparticle coincides with the
maximum of its joint density of states. Moreover, high hot-carrier generation rates are
achieved in host materials with very large dielectric constants as the concomitant small LSP
energies result in large electron-plasmon couplings. In this case, however, the hot carriers
are less energetic. These insights can be used as design rules for creating efficient hot-
carrier devices and open up the possibility of tailoring hot-carrier properties by dielectric
engineering.
Methods
We review here the solution of the Poisson equation for a sphere with dielectric constant d
embedded in a material with dielectric constant 1.
38–40 As the charge density of a jellium
nanoparticle can spill beyond the positive charge background representing the ions, three
scenarios are considered: (i) the potential inside the nanoparticle generated by a charge
inside the nanoparticle (denoted Vin-in), (ii) the potential outside the nanoparticle generated
by a charge inside (denoted Vin-out) and (iii) the potential outside the nanoparticle gener-
ated by a charge outside the nanoparticle (denoted Vout-out). Note that the potential inside
the nanoparticle generated by a charge outside is also described by Vin-out. We carry out
linear response TDDFT calculations where the Coulomb interaction is described via these
12
potentials which are given by
Vin-in(r, r
′) =
1
d|r− r′| +
1
d
∞∑
l=0
(d − 1) (l + 1)
(ld + l1 + 1)
(rr′)l
R2l+1
Pl(cos θ) r, r
′ ≤ R,
(3)
Vin-out(r, r
′) =
1
d
∞∑
l=0
(2l + 1)d
(ld + l1 + 1)
(r′)l
rl+1
Pl(cos θ) r ≥ R, r′ ≤ R,
(4)
Vout-out(r, r
′) =
1
1|r− r′| +
1
1
∞∑
l=0
l(1 − d)
(ld + l1 + 1)
R2l+1
rl+1(r′)l+1
Pl(cos θ) r, r
′ ≥ R,
(5)
where Pl denotes the Legendre polynomial of order l. The Coulomb integrals were computed
using LIBERI library.41 Note that our framework includes a quantized treatment of the
plasmon, relevant to describe quantum effects present in small nanoparticles and/or when a
low density of plasmons are excited as introduced in.20
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